Vesicular stomatitis virus (VSV) is a prototype nonsegmented, negative-sense virus used to examine viral functions of a broad family of viruses, including human pathogens. Here we demonstrate that S 2 VSV, an isolate with a small plaque phenotype compared to other Indiana strain viruses, has a transcription defect resulting in an altered pattern and rapid decline of transcription. The S 2 VSV transcription gradient is dominant over the wild-type transcription in a coinfection. This is the first characterization of an altered gradient of transcription not dependent on RNA template sequence or host response and may provide insight into new approaches to viral attenuation. V esicular stomatitis virus (VSV) is a prototype nonsegmented, negative-strand (NNS) RNA virus with robust growth kinetics and is highly genetically tractable in laboratory conditions. Because of this, VSV has frequently been used to probe fundamental questions about virus replication. Specifically, the RNA transcription and replication strategy used by NNS viruses was first described and extensively characterized with VSV (1, 21, (24) (25) (26) 33) .
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esicular stomatitis virus (VSV) is a prototype nonsegmented, negative-strand (NNS) RNA virus with robust growth kinetics and is highly genetically tractable in laboratory conditions. Because of this, VSV has frequently been used to probe fundamental questions about virus replication. Specifically, the RNA transcription and replication strategy used by NNS viruses was first described and extensively characterized with VSV (1, 21, (24) (25) (26) 33) .
VSV transcription requires the negative-sense RNA genome and three viral proteins. The large polymerase subunit (L) carries out the enzymatic functions of the polymerase, including transcription, capping, methylation, and polyadenylation (5, 23, 33) . The phosphoprotein (P) is a required cofactor for the polymerase and interacts with both L and the nucleocapsid protein (N). N encapsidates the viral genome, allowing the RNA-dependent RNA polymerase (RdRp) to access the RNA and preventing degradation or detection by the host cell. The VSV polymerase complex consists of an oligomer of P for each molecule of L (8, 14, 15, 30) . Transcription of viral mRNAs occurs in an obligate sequential stop-start manner beginning with the N gene near the 3= end of the genome. Reinitiation of transcription between genes is not completely efficient, leading to a gradient of mRNA transcription along the genome. The mRNAs that are transcribed from regions closest to the 3= promoter are transcribed in highest abundance, while genes further from the 3= end are transcribed in lower abundance.
Here we show that an isolate of VSV previously demonstrated to be attenuated has a steeper gradient of transcription that is dominant over wild-type VSV. This suggests that the ability of the polymerase to reinitiate transcription is dependent not only on the cis-acting genomic sequence but also on the protein components of the polymerase complex. S 2 VSV was originally isolated from an undifferentiated VSVIndiana pool as a small plaque strain and clonally selected five times to ensure phenotype stability (39) . This small plaque isolate was shown to be 1,000 times less lethal than wild-type virus in animal models but still able to induce a robust interferon response (39) . Further characterization showed that S 2 VSV transcribes more small viral mRNA species (12S to 18S; N, P, M and G mRNA) but less of the largest viral RNA species (40S; replication products) than wild-type VSV (5, 12, 23, 32) .
For our studies both wild-type VSV-San Juan and S 2 VSV were obtained and plaque purified and the growth attenuation earlier reported was verified. To quantify the observed attenuation, we carried out a time course of infection with wild-type and S 2 VSV and measured the titer of virus released into supernatant fluid by plaque assay on BHK-21 cells. At both low (0.1) and high (10) multiplicity of infection (MOI), S 2 VSV grows to a log lower titer than wild-type virus ( Fig. 1A and B) . The growth deficiency of S 2 VSV was also observed in Madin-Darby bovine kidney (MDBK) cells (data not shown).
In an attempt to define specific genetic differences between S 2 VSV and wild-type Indiana VSV, we sequenced the viral RNA from S 2 VSV-infected cells. Figure 1C shows a graphic representation of the VSV genome. Each line represents a nucleotide difference in the S 2 sequence from the published wild-type San Juan VSV sequence (GI 335873). Lines above the genome represent nucleotide changes that do not affect the predicted protein sequence. Lines below the genome represent nucleotide changes that result in predicted amino acid changes. Table 1 provides the number of nucleotide changes in each region of the S 2 genome, compared to wild-type Indiana strains San Juan (GI 335873) and Mudd-Summers (GI 194272583), as well as the number of predicted amino acid changes to each viral protein. The S 2 VSV genomic sequence shows significant differences from both wildtype VSV strains at both the nucleotide (314 and 303 differences, respectively) and protein (83 and 79 differences) levels. S 2 also shows significant differences from the L 1 strain of VSV that was isolated from the same nonclonal virus stock (39) (data not shown). As Fig. 1C indicates, these differences between S 2 and wild-type strains are not clustered to one region but are spread throughout all five viral proteins. Since S 2 VSV contains a large number of uncharacterized amino acid differences from known wild-type strains, it is difficult to predict which sequence differ-ence is responsible for the attenuation phenotype. For this reason, we decided to determine where in the virus life cycle S 2 VSV was defective.
Viral RNA production was examined by 3 H-uridine incorporation to visualize the production of individual mRNAs. Cells mock infected or infected with wild-type or S 2 VSV at an MOI of 10 for increasing times were labeled with 10 Ci/ml 3 H-uridine (Perkin-Elmer) for 2 h in the presence of 2 g/ml actinomycin D to block host transcription. Total RNA from the cells was separated on a 1% agarose-formaldehyde gel to visualize individual mRNAs ( Fig. 2A) . Mock-infected cells show no transcription in the presence of actinomycin D, as expected (lanes 1 and 2). Wildtype VSV at 4 h postinfection (hpi) shows robust transcription of all of the viral mRNAs (lane 3). S 2 VSV also transcribes all of the viral mRNAs at 4 hpi (lane 4); however, the amount of each RNA species varies from that of the wild type. S 2 VSV makes more N mRNA at 4 hpi than wild-type VSV but less of each of the subsequent transcripts.
Calculation of the molar ratio of transcription (see reference 31) at 4 hpi demonstrates that the altered levels of mRNA production are the result of a steepened gradient of transcription (Fig. 2B ). Wild-type VSV transcribes mRNA in ratios similar to those in previously published reports (20, 31) , with an approximately 30% reduction in transcription after each gene junction. In contrast, S 2 VSV transcription decreases more quickly, as can be seen from the steeper slope, demonstrating an enhanced gradient of transcription. This difference in relative amounts of transcription can be seen at each position in the genome. For example, while wild-type VSV transcribes 40.4% of the levels of G mRNA as it transcribes of N mRNA, S 2 VSV transcribes only 19.4% of G, relative to N mRNA levels. We calculate that the decrease in transcription at each gene junction is approximately 50% in S 2 VSV transcription. Total viral RNA production shows that both viruses transcribe similar total amounts of RNA at 4 hpi (Fig. 2C) , which is consistent with previous descriptions of S 2 VSV (12). At later time points in infection, wild-type VSV transcription increases (Fig. 2C , lanes 5, 7, and 9) while S 2 VSV peaks at the early time point and decreases later (Fig. 2C, lanes 6, 8, and 10) .
To verify that the increase in N mRNA transcription is not a result of leader-N read-through, we examined the accumulation of RNA containing the anti-genomic-sense VSV leader sequence. Total RNA from mock-infected cells or cells infected with wildtype or S 2 VSV was separated on a denaturing formaldehyde gel and probed with an oligonucleotide probe specific for the antigenomic leader sequence. As Fig. 2D shows, the only detectable RNA product that contains leader sequence is the full-length antigenome, found in cells infected with both wild-type and S 2 VSV at later time points (6 to 8 hpi).
The decreased transcription of mRNA by S 2 VSV suggests that viral messages would accumulate to lower levels in S 2 -infected cells. We determined the total levels of mRNA in cells infected with wild-type or S 2 VSV at increasing times during infection by Northern blotting. Levels of total RNA were determined by probing for individual mRNAs with double-stranded DNA (dsDNA) gene-specific radiolabeled probes (Fig. 2E) . No detectable mRNA was seen at 2 hpi, but by 4 hpi, all five mRNA species were able to be detected in wild-type VSV-infected cells. Wild-type VSV accumulation of all mRNA species stays at levels higher than S 2 at all later times in infection, even at this early time point when S 2 transcription is highest. These data are consistent with the conclusion that S 2 transcribes less mRNA than the wild type.
Although we would predict from Fig. 2A that N mRNA should accumulate to higher levels in S 2 VSV-infected cells than in wildtype-infected cells at 4 hpi, Fig. 2E shows more N mRNA in cells infected with wild-type VSV, even at this early time point. Since Fig . 2A shows the production of mRNA over a 2-h time period, it is possible that S 2 VSV transcription begins to decline prior to 4 hpi but the early overproduction masks this decreased production at later times during the labeling period. S 2 VSV is the first described naturally occurring virus mutant that shows an inherent transcription gradient defect. Other reports have demonstrated that the ability of the VSV polymerase to transcribe a downstream gene is dependent on the length and sequence of intergenic regions (2, 3, 19, 29) , a highly conserved two-nucleotide region between gene ends. As shown in Table 1 , sequencing of the S 2 VSV genome has not revealed any mutations in these viral intergenic regions.
Having demonstrated that S 2 VSV was deficient in mRNA transcription, we asked whether the transcription deficiency could be complemented by wild-type virus. Cells were infected with wild-type or S 2 VSV or were coinfected with equal amounts of the two viruses. RNA production in these cells was labeled with 3 Huridine in the presence of actinomycin D as for Fig. 2A . The patterns of transcription of wild-type and S 2 VSV are the same as those seen in Fig. 2 (Fig. 3A, left and middle panels) . The right panel of Fig. 3 shows the transcriptional activity in cells coinfected with both wild-type and S 2 VSV. The transcription profile of these cells identically replicates transcription in cells infected with S 2 VSV only (Fig. 3B) .
To verify that both wild-type and S 2 VSV gene products were being expressed in coinfected cells, we took advantage of the fact that two of the S 2 viral products, the proteins P and G, migrate more slowly through an SDS-PAGE gel than wild-type proteins. Cells were infected with wild-type VSV alone, S 2 VSV alone, or S 2 with an increasing amount of wild-type VSV. At 8 hpi, total protein synthesis of these infected cells was labeled by incorporation of radioactive amino acids and separated by SDS-PAGE. When cells are coinfected with both viruses, both protein species are seen (lane 5), demonstrating that the gene products of both viruses are made in equimolar amounts (Fig. 3C) . This argues that the lower level of transcription seen in Fig. 3A is an effect on both genomes.
These data indicate that S 2 VSV is capable of exerting transdominant control over wild-type virus transcription in the coinfected cells as a result of two possible mechanisms: the first possibility is that S 2 VSV produces a factor, likely a viral protein, which is dominant over the wild-type factor, and the second possibility is that S 2 VSV triggers a host cell response that is able to shut down viral transcription. To determine whether the S 2 transcription phenotype is dependent on the host cellular response, we performed in vitro transcription reactions in the absence of any possible cellular response.
Purified virions were detergent activated and incubated with [␣-
32 P]GTP in a standard in vitro transcription reaction for 5 h (17). Transcription products from the first four genes of the VSV genome (N, MϩP, and G) were able to be detected from both viruses (Fig. 4A) . Calculation of the molar ratio shows that the S 2 transcription gradient in vitro is different than that of the wild type, as can be seen from the different slopes of the molar ratio curves in Fig. 4B . While the molar ratios in vitro differ from those previously seen in infected cells, these data are consistent with other published descriptions of in vitro transcription (28) . These data duplicate the S 2 transcription deficiency seen in infected cells, showing that the S 2 defect in transcription is due to a defective viral signal, not the induction of a host factor. Previous investigation of altered transcription gradients in the related viruses human parainfluenza virus 5 (hPIV5) and measles virus have been shown to be dependent on the host immune response (6, 7) .
We hypothesize that a component (or multiple components) of the S 2 viral polymerase complex contains a mutation that decreases its ability to reinitiate transcription at each gene junction. This process appears to be able to alter transcription from both wild-type and S 2 genomes in trans during a coinfection. The obligate sequential mechanism of transcription by VSV predicts that this would result in a greater percentage of the polymerase "falling off" the genome at each gene junction, leading to relatively fewer copies of each gene downstream and freeing the polymerase complex to be able to reinitiate transcription of the N mRNA at the 3= end of the genome. trans-dominant mutant proteins are typically able to block wild-type viral function by multimerization in a complex with wild-type proteins that render the entire complex defective (reviewed in reference 18). Polymerase component mutants have previously been demonstrated to be dominant over wild-type virus (36) (37) (38) . It is likely, given the large number of unique mutations found in the S 2 VSV sequence, that multiple mutations over more than one protein have occurred to stabilize this unique phenotype of the S 2 VSV polymerase.
Many of the NNS viruses are human pathogens with no available treatments or vaccines. Live-virus vaccines are able to induce a robust protective immune response; however, the use of live, attenuated mutants of highly pathogenic viruses would leave open the possibility of compensatory mutations restoring pathogenicity to the vaccine strain. VSV has been developed as a platform to present the pathogenic viral glycoproteins to the immune system in order to induce a protective immune response without exposure to a potentially deadly pathogen. VSV vectors expressing foreign glycoproteins have been demonstrated to be effective potential vaccines for many current and emerging human pathogens, including the hemorrhagic viruses Ebola and Marburg (13, 16) , HIV (10), influenza virus (27) , and hepatitis B virus (9) . VSV is not a human pathogen, and its low seroprevalence among humans makes it an excellent vector candidate. However, as with other live, replicating viruses, some concerns remain about pathogenicity. Dominant negative mutants are ideal for vaccine development because they are able to induce a strong antiviral response, are restricted for growth in vivo, and are able to block the spread of revertants (11) . The currently available seasonal flu vaccine FluMist uses the cold-adapted influenza virus dominant negative polymerase mutant and has been demonstrated to be a safe, effective vaccine (4, 22, 34, 35) .
We have demonstrated that S 2 VSV is a dominant negative, attenuated mutant of VSV that is able to block wild-type viral transcription in trans. Use of S 2 VSV as a viral vector would take advantage of an attenuated virus and also reduce the chances of the spread of a pathogenic mutant. S 2 VSV has been shown to induce a robust interferon response but to be nonpathogenic in mice (39; unpublished data) and therefore is a good candidate for in vivo use. In addition, functional studies of S 2 VSV polymerase complex function could aid in the understanding of broad mechanisms of transcription by the NNS virus polymerases.
